A water model study was undertaken to investigate inclusion removal from liquid steel using fine gas bubbles, which were created by injecting air into a shroud nozzle just underneath the slide gate. The water flow rate was varied in the range of 2.0-3.2 m 3 hr
Introduction
In steelmaking processes, it has been a common practice to inject inert gases into molten metal. The objective of the injection includes the homogenization of bath temperature and compositions, and removal of nonmetallic inclusions and impurities from molten metals. Wei et al. 1) demonstrated through a cold model study that particles which are nonwetting by a liquid are captured with ease by gas bubbles and float up to the free surface of the liquid. Wang et al. 2) have developed a mathematical model to determine the optimum bubble size for the removal of inclusions from molten metals by flotation. Wang et al. 3) have developed a new process for the creation and dispersion of fine gas bubbles in molten metals by introducing inert or reactive gas into a turbulent flow region during metal transfer. Zheng et al. 4) reported that fine gas bubbles created by flowing water through a tube in which a constriction was implanted were highly effective in removing non-wetting particles from the liquid.
The aim of the present work is to perform a cold model simulation of the inclusion removal from molten steel using fine gas bubbles generated by injecting an inert gas into the shroud nozzle during continuous casting.
Experimental
The schematic diagram of the experimental apparatus employed in the present water-model study is shown in Fig.  1 . All parts for water flow and water containment are made of transparent acrylic so that water flow behavior is visible. The apparatus was operated according to the following sequence:
(1) First, the slide gate opening (5) is adjusted to a desired level, and the inclusion tank (1) is filled with water and inclusions (polymer particles). The tank is equipped with a motor-driven stirrer so that the inclusions are kept well mixed with water to form slurry.
(2) Next, the reservoir (12), tundish (300ϫ1 000 bottom, 400ϫ1 100 top, 450 height, all in 10 Ϫ6 m) (11) and buffer tank (2) and all connecting lines are filled with water, after which the water is circulated by running a water pump (10). The flow rate is measured using a water flow meter (8).
(3) Once the water flows from the buffer tank (2) via the slide gate (5) and the shroud nozzle (2ϫ10 Ϫ2 m IDϫ 1.0 m L) (7) to the tundish (11) has reached a steady state, the gas is introduced into the shroud nozzle through a gas inlet port (1.5ϫ10 Ϫ3 m in diameter) by opening a gas inlet valve (6) . The gas flow rate is regulated to maintain a predetermined flow rate using a regulator attached to the gas flow meter (9).
(4) Then the water-inclusion mixture in the tank (1) is injected into the water stream by opening a valve (3) and running a pump (4).
(5) Inclusions, flowing together with the water through a tundish nozzle (13), are collected for a predetermined time using a fine-eye collecting net (14).
(6) Finally, the collecting net is removed and dried, and the inclusions are separated for weighing and further examination.
The length of inclusion collection time was equal to the inclusion injection time plus the theoretical residence time in the tundish. A number of gas inlet ports were constructed underneath the slide gate (30ϫ10 Ϫ3 m interval), but all ports, except the one being used for gas injection, were closed. In the majority of the experiments polyethylene (PE) particles were used to imitate inclusions, but in some cases poly-vinyl chloride (PVC) and acrylonitrile butadiene styrene (ABS) particles were also used for the purpose of comparison. Details of the materials are given in Table 1 .
The water flow rate was varied in the range of 1.7 to 3.2 m 3 hr
Ϫ1
, and the ratio of air to water flow rate was in the range of 0 to 0.1 by volume.
Results and Discussion

Bubble Formation and Dispersion
When air was introduced through the gas ports underneath the slide gate, mixing between the liquid (water) and the gas (air) was instantaneously achieved in the region of the gas inlet, but the mixing behavior was greatly dependent on the position of the gas injection. Figure 2 shows how the mixing behavior varies with the gas inlet position. When the gas was injected through port 1 or 1Ј, which are positioned just underneath the slide gate (10ϫ10 Ϫ3 m below the bottom plate of the slide gate), it is clearly seen that there is a thorough mixing between the liquid and gas phases (Figs. 2(a) and 2(b)). The turbulence was so strong that it was difficult to identify individual gas bubbles in the dispersion. The bubble size was roughly estimated to be around 1ϫ10
Ϫ3 m or smaller in diameter. When gas was introduced into the water through the ports some distance from the slide gate (Figs. 2(c) and 2(d)), the mixing was less thorough, and dispersed only in the lower part of the shroud nozzle. The gas phase also had a tendency to flow down along the wall of the shroud nozzle, and the bubble size was larger than 1ϫ10 Ϫ3 m in diameter. The above observations are in good accord with the results reported by Wang et al. 3, 6) It was also observed that the opening of the slide gate had a large influence on the mixing and bubble formation. As seen in Fig. 3 , for a given water flow rate (3.2 m 3 hr
Ϫ1
) the smaller the opening is, the better the mixing which occurs. It is seen that a complete emulsification occurs with a 37% opening, but with a 78% opening the gas tends to flow down along the shroud pipe wall. This is considered to be due to the dependence of the pressure drop inside the shroud pipe (underneath the slide gate) on the degree of constriction. 6) As the opening of the slide gate increases, the degree of the constriction decreases and hence the pressure drop, which causes turbulence, becomes smaller. Wang et al. 6) measured the change in the air ingress with the opening of the slide gate, and reported that the suction power decreased by increasing the opening.
In summary, fine bubbles can be created by introducing the gas into the shroud pipe underneath the slide gate, and in order to obtain finer bubbles well dispersed in the water, the gas inlet port should be as close as possible to the bottom plate of the slide gate with the opening of the slide gate not being too large (e.g., 78 %).
Effect of the Ratio of Gas to Liquid Flow Rates
Four different flow rates of water were employed in the present study, viz., 2.0, 2.5, 3.0 and 3.2 m 3 hr
Ϫ1
, and the gas fraction in the flow was varied from 0 to 0.12 by volume. Details of experimental results are summarized in Table 2 . Figure 4 shows the amount of inclusions passing through the tundish nozzle and collected in the net. In other words, the amount shown in the figure is the inclusions which do not flow up at the tundish, but which follow the water flow through the tundish nozzle. Inclusions of 100ϫ10 Ϫ3 kg were initially supplied, and hence it is seen that a substantial portion of the inclusions supplied are removed even without gas injection (zero ratio of air to water flow rates). It is also evident that the injection of gas effects a further decrease in the amount of inclusions that remain in the water. It is also seen that the efficiency of inclusion removal decreases by increasing the liquid flow rate for a given gas to liquid ratio. In order to quantify the effectiveness of the gas injection on the inclusion removal from the liquid, a term called relative removal efficiency is defined as the amount of inclusions removed under a given condition, relative to the amount removed without the gas injection 4) :
where h R is the relative removal efficiency (%), and W o and W f represent the amount of inclusions collected in the net when the gas is not injected, and when the gas is injected, respectively. Relative removal efficiency as defined above then can be a measure for the effectiveness of gas injection into the shroud pipe underneath the slide gate, on inclusion removal. Figure 5 shows the relative removal efficiency varying as a function of the gas to liquid ratio. It is seen that the relative removal efficiency is fairly constant at around 60 %, irrespective of the gas to liquid ratio and the liquid flow rate. This implies that 60 % of inclusions, which would be otherwise left in the liquid, can be removed by injecting a gas into the turbulent zone underneath the slide gate. In order for an inclusion to flow up to the top surface by being attached to a gas bubble, it should go through the following steps in series: (1) collision with a bubble, (2) attachment to the bubble, (3) remaining undetached from the bubble, (4) floating up to the top surface by being attached to the bubble, (5) staying at the top surface without re-entrapment.
Steps (4) and (5) may be ignored in the present study, based on the assumptions that all bubbles float up to the top surface in the tundish and that all particles arrived at the surface stay at the surface without re-entrapment. The above assumptions are thought reasonable for the present experimental system, and even for a real tundish system as well. Therefore the overall probability (P) that an inclusion in the liquid floats up to the free surface of the liquid by being attached to a bubble can be expressed by the following equation 2) :
where P c , P a and P d are probabilities of a collision of an inclusion with a bubble, attachment of the inclusion to the bubble, and detachment from the bubble, respectively. Polyethylene (PE), which was used to imitate the inclusion, has a contact angle of 102°with water, and hence is not wetted with water. Wei et al. 1) and Wang et al. 2) have shown , gas to liquid ratioϭ10 %, gas injection portϭ#1).
that when a particle in a liquid is not wetted, i.e., the contact angle is larger than 90°, it is captured by a gas bubble by contact. Extreme turbulence and good mixing between the liquid and gas phases that exist underneath the slide gate, warrant P c and P a being close to unity. When an aggregate of an inclusion attached to a bubble is discharged into the tundish at the exit of the shroud nozzle, it will experience various forces acting on it: these include the inertial, gravitational, buoyancy, interfacial tension, capillary, and drag forces. 2) Important factors that are involved in these forces are the size, density, and surface energy of the bubble and inclusion. As the values of these factors for the inclusion are greatly different from those for the gas bubble, the force acting on the inclusion should be different from that acting on the bubble, and thereby there should exist a difference in the velocity between them in the tundish. If this relative velocity exceeds a critical value, the inclusion will detach itself from the bubble.
Wang et al. 2) have developed a mathematical model which enables them to calculate the critical relative velocity for detachment, which was defined as the relative velocity at which a particle is detached from a gas bubble. According to the model it is calculated that the critical relative velocity of an aggregate of a polyethylene particle and an air bubble in the water is about 50 m s Ϫ1 for particles of the size of 50ϫ10 Ϫ6 m in diameter and 2 m s Ϫ1 for the size of 500ϫ10 Ϫ6 m in diameter. In the present study, the water flow rate is in the range of 2 to 3.2 m 3 hr
. As the diameter of the shroud nozzle is 0.02 m, the linear velocity of the water at the exit of the shroud nozzle is in the range of 1.77 . As the relative velocity between the inclusion and bubble may not exceed the linear velocity of the water at the exit, inclusions of the size of 50ϫ10 Ϫ6 m in diameter will remain attached to the bubbles at the exit and float up to the free surface of the water. However, inclusions will become more susceptible to detachment as their size increases. Considering the inherent uncertainty associated with the model calculation for critical relative velocity as discussed above, the critical particle size for detachment may be about 500ϫ10 Ϫ6 m in diameter for all the water flow rates employed in the present study. This appears to be partly responsible for the observations given in Fig. 5 in that relative removal efficiency is about the same for all water flow rates. The observation that the relative removal efficiency is independent of the gas to liquid ratio is due to the probabilities of contact and attachment (P c and P a ) being close to unity due to an extreme turbulence and the number of bubbles is enough to accommodate all the inclusions smaller than the critical size for detachment even with the lowest water flow rate of 2 m 3 hr Ϫ1 .
Effect of the Slide Gate Opening
The turbulence underneath the slide gate is caused by the Venturi effect as the flowing water experiences contraction and expansion in sequence when it passes through the slide gate and exits into the upper part of the shroud nozzle. Therefore the slide gas opening, which determines the extent of contraction, should exert a direct influence on the extent of turbulence that is created underneath the slide gate. In the present study the majority of experiments were undertaken with a slide gate opening of 58 % by area. To see the effect of the slide gate opening on the inclusion removal, an experiment was carried out with an opening of 37 %, with results being given in Fig. 6 . It appears that relative removal efficiency with the 37 % opening is better than that with the 58% opening by about 10 %. However, it is also seen in the figure that the difference in the amount of inclusions collected in the net between the two different openings of the slide gate is rather small, and hence the 10 % difference in the removal efficiency, which is calculated with the amount of the inclusions, should not be considered appreciable. This appears to be due to the fact that inclusion removal efficiency is barely improved by the increase in turbulence caused by increasing the constriction by using a smaller opening of the slide gate. Therefore, it can be concluded that the relative removal efficiency is not very sensitive to the slide gate opening up to 58 %.
Effect of the Position of the Gas Inlet Port
Wang et al. 3) have found that the flow pattern of the water just underneath the slide gate varies across the cross sectional position. They reported that there is a stream zone in which the main stream of the liquid flows down, and two back mixing zones in which the liquid is confined to circulate. In the present study the gas inlet port is positioned at the stream zone (port #1), but a series of experiments were also conducted with a gas inlet port positioned at the back mixing zone (port #1Ј). position of the gas inlet port. It is seen that the efficiency with port #1Ј is lower than that with port #1 an average of about 10 %. If one considers the difference in the actual amount of inclusions collected in the net as seen in this figure, this difference in the efficiency should not be considered large. Therefore, it can be concluded that the lateral position of the gas inlet port just underneath the slide gate does not have a large effect on the inclusion removal.
Effect of the Particle Feeding Rate
In order to examine the effect of the concentration or population of inclusions in the liquid on the removal efficiency, experiments were carried out with a number of different particle feeding rates, with results being given in Fig.  8 . It is seen that the removal rate is hardly affected by the feeding rate. Since the inclusion population in the water is directly proportional to the feeding rate, it is expected that the removal rate should be affected by the feeding rate. Somewhat unexpected observations in the present study that the relative removal rate is independent of the inclusion population hence tend to support the view that the governing factor for removal efficiency is the probability of detachment (P d ), viz., the number of bubbles is enough to accommodate all the inclusions smaller than the critical size for detachment for all feeding rates and particles larger than the critical size always experience detachment, regardless of the feeding rate. In Fig. 8 , the absolute removal efficiency, i.e., the removal efficiency against the initial input of particles, is also included for each feeding rate for comparison.
Effect of Particle Properties
According to Eq. (2), the overall probability of the particle removal consists of three important terms, viz., the probability of contact (P c ), attachment (P a ) and detachment (P d ). Wang et al. 2) have shown in their model calculations that the probabilities of attachment and detachment are governed mainly by the contact angle of a particle with water. Polyethylene, which was used in the present study, has a contact angle of 102°with water, and hence is not wetted by water. The effect of the contact angle, i.e., the wettability, on the removal efficiency, was examined using two other materials, viz., PVC and ABS, which had contact angles of 87°and 72°, respectively, and the results are given in Fig. 9 . It is seen that the relative removal efficiency is a mere 20 % or lower with PVC, and with ABS it is negligibly lower. In the earlier study by Zheng et al., 4) relative removal efficiency was about 60 % with polystyrene which has a contact angle of 97°, and about 20 % with PVC (see Table 1 ). It is now clear that the contact angle, i.e., the wettability, plays a decisive role in determining the removal efficiency of inclusions. The contact angles of alumina and silica inclusions with molten steel are 144°and 115°, respectively. 7) These inclusions are therefore not wetted by liquid steel, and thereby they will attach themselves to gas bubbles with ease. The critical relative velocity for detachment for these inclusions is calculated to be larger than 10 m s Ϫ1 even for those 100ϫ10 Ϫ6 m in diameter, and hence an inclusion once attached, will not be detached easily. 
Governing Factors for Inclusion Removal from
Liquid Steels From the observations and discussion given in the preceding sections, it is clear that the relative removal efficiency is fairly independent of such variables as liquid flow rate, gas to liquid ratio, slide gate opening, and inclusion population-at least within the experimental ranges employed in the present study. However it depends to a great extent on the contact angle between the inclusion and liquid. These observations and the theoretical analysis tend to support a conclusion that probabilities of collision (P c ) and attachment (P a ) are all close to unity for the present system arrangement. Once attached to a bubble, an inclusion will take either one of two paths, viz., it floats up together with the bubble to the top free surface of the tundish, or it is detached from the bubble, follows the water stream and is eventually collected in the net. Whether the inclusion, attached to a bubble, will detach from, or stay attached to, the bubble is determined by two factors, viz., the stability of attachment and the relative velocity between the inclusion and bubble. The stability of attachment, defined as the ratio of the depth of a particle entering the bubble to its diameter, is determined by the wettability (contact angle) and the size of the particle and bubble. Between the two, wettability plays an overwhelming role in stability, and the effect of the inclusion or bubble size is insignificant. On the other hand, the critical relative velocity at which an inclusion is detached from a bubble is determined mainly by wettability and inclusion size. Critical relative velocity increases with increasing wettability and by decreasing the inclusion size. Therefore it can be concluded that the wettability is the most important factor that determines critical relative velocity.
The actual relative velocity that the inclusion and bubble experience may not exceed the velocity of the liquid at the exit of the shroud nozzle. In the present study the exit velocity is in the range of 1.77 to 2.83 m s
Ϫ1
. It can be compared with the actual practice of slab continuous casting, which in general varies from around 2.5 m s Ϫ1 . In order to produce cleaner steels these days one is more concerned with removing fine inclusions, for instance, finer than 50ϫ10 Ϫ6 m in diameter. For inclusions in this size range, the effect of size on critical relative velocity is minor due to low inertial force, and hence critical relative velocity is determined mainly by the wettability or contact angle of an inclusion with liquid steel.
It can be said, therefore, that the governing factor, which determines the inclusion removal efficiency by employing the present system arrangement, is the wettability of inclusions with liquid steels.
Conclusions
A water model study was undertaken to investigate the inclusion removal from liquid steel using fine gas bubbles. Fine bubbles were created by injecting air into the shroud nozzle just underneath the slide gate. The water flow rate was varied in the range of 2.0-3.2 m 3 hr
Ϫ1
, equivalent to 1.77-2.83 m s Ϫ1 of the linear velocity at the exit of the shroud nozzle. The ratio of gas to liquid flow rates was varied in the range of 0-12 % by volume. Polyethylene, PVC and ABS particles were used to imitate the inclusion. The observations made in the present study are summarized in the following:
(1) Fine bubbles were created by injecting air into the shroud nozzle, but the bubble formation characteristics varied with the gas inlet position along the shroud: the closer the slide gate, the better the mixing between the gas and liquid phases.
(2) The characteristics of bubble formation was dependent on the slide gate opening: the smaller the opening, the more turbulence and hence the better mixing of the gas and the liquid.
(3) Relative removal efficiency was found to be fairly independent of such variables as liquid flow rate, i.e., the linear velocity, the slide gate opening (up to 58 % by area), and concentration of the inclusion.
(4) Relative removal efficiency was, however, greatly affected by wettability, i.e., the contact angle of the inclusion with the liquid: the larger the contact angle, the higher the efficiency.
It is concluded that the governing factor which determines the removal efficiency of the inclusion from liquid steel, is the wettability of the inclusion with the steel, and the idea proposed in the present study should be an effective means for the production of cleaner steels.
